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ABSTRACT: We have investigated the ferroelectric phase diagram of poly(vinylidene ﬂuoride)
(PVDF) and poly(methyl methacrylate) (PMMA). The binary nonequilibrium temperature
composition diagram was determined and melting of α- and β-phase PVDF was identiﬁed.
Ferroelectric β-PVDF:PMMA blend ﬁlms were made by melting, ice quenching, and subsequent
annealing above the glass transition temperature of PMMA, close to the melting temperature of
PVDF. Addition of PMMA suppresses the crystallization of PVDF and, as a consequence, the
roughness of blend ﬁlms was found to decrease with increasing PMMA content. Using time-
dependent 2D numerical simulations based on a phase−ﬁeld model, we qualitatively reproduced
the eﬀect of PMMA on the crystallization rate and the spherulite shape of PVDF. The remnant
polarization scaled with the degree of crystallinity of PVDF. The thermal stability of the polarization is directly related to the
Curie temperature. We show that, at high temperature, the commodity ferroelectric PVDF:PMMA blends outperform the
commonly employed specialty copolymer poly(vinylidene ﬂuoride−triﬂuoroethylene) (P(VDF−TrFE)).
1. INTRODUCTION
Ferroelectric polymers are ideal candidates for data storage
applications as they exhibit an intrinsic bistable, remnant
polarization that can repeatedly be switched by an electric
ﬁeld.1 Memories based on capacitors,2 ﬁeld-eﬀect transistors,3,4
and ferroelectric-blend diodes5−7 have been reported. The most
commonly used macromolecular ferroelectric is the random
copolymer poly(vinylidene ﬂuoride-triﬂuoroethylene) (P-
(VDF−TrFE)). Its chemical structure is presented in the inset
of Figure 1. This copolymer is widely applied for its ease of
processing; thin ﬁlms can be made from solution by spin-coating,
wire-bar coating8 and patterned by, e.g., nanoembossing.9 In
comparison to other organic ferroelectrics, the copolymer
P(VDF−TrFE) exhibits advantageous properties such as a
relatively large remnant polarization, low leakage currents due to
a high electrical resistivity and switching times as short as 1 μs.
However, large-scale integration of P(VDF−TrFE) in ferro-
electric devices is hampered by the limited thermal stability of the
remnant polarization due to its low Curie temperature, the
relative large surface roughness of ferroelectric ﬁlms and the stack
integrity.
First, to demonstrate the limited thermal budget we fabricated
capacitors with P(VDF−TrFE) (65−35 mol %). The remnant
polarization as a function of temperature is presented in Figure 1.
At room temperature the polarization is about 7 μC/cm2 in good
agreement with literature data.10,11 However, already at 50 °C,
the polarization decreases notably and rapidly deteriorates at
more elevated temperatures. This limited thermal stability12−14 is
due to the low Curie temperature of P(VDF−TrFE) which, of
course, severely hampers applications at higher temperatures.
Second, the coercive ﬁeld of P(VDF−TrFE) is about 50 MV/
m. To achieve operation at low voltage, the ferroelectric ﬁlm
should be as thin as possible. As-deposited thin ﬁlms are typically
amorphous, and in order to generate the ferroelectric phase, the
ﬁlms have to be annealed above the Curie temperature. This
annealing protocol causes crystal growth and an increase in
surface roughness, which for very thin ﬁlmsmay hamper the yield
of ferroelectric capacitors, and which deteriorates the charge
carrier mobility in ferroelectric ﬁeld-eﬀect transistors.
Finally, P(VDF−TrFE) is soluble in common organic solvents
which encumbers the stack integrity of multilayer devices such as
ﬁeld-eﬀect transistors. Hence, upon spin coating an organic
semiconductor, the already deposited P(VDF−TrFE) ﬁlm may
dissolve. Orthogonal solvents to substantially prevent intermix-
ing are not readily available.
An alternative ferroelectric polymer that may provide
improved thermal stability and multilayer stack integrity is the
homopolymer poly(vinylidene ﬂuoride) (PVDF). Neat PVDF
ﬁlms, however, cannot be applied as thin ﬁlms generally
crystallize in the paraelectric α-phase. Recently, blend ﬁlms of
PVDF and poly(methyl methacrylate) (PMMA) have been
investigated for their ferroelectric properties and application as
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energy storage medium.15,16 Also, a method to fabricate
ferroelectric PVDF ﬁlms with low surface roughness has recently
been reported.17 PVDF:PMMA blend ﬁlms were spin coated and
after melting quenched in ice water. The amorphous ﬁlms thus
produced were subsequently annealed for 2 h at 150 °C. The
PMMA retards the crystallization of PVDF yielding nanocrystal-
line β-phase PVDF crystals and smooth ferroelectric ﬁlms. The
polarization was found to monotonically decrease with PMMA
content. A polarization of 4 μC/cm2 was reported when using 20
wt % PMMA.
Here we investigate in depth the blend ﬁlms of PVDF:PMMA.
We varied the molecular weight of the PMMA, the blend
composition and the processing conditions. The phase
identiﬁcation and microstructure of the ﬁlms was investigated
by X-ray diﬀraction (XRD), Fourier-transform infrared micros-
copy (FTIR) and atomic force microscopy (AFM). We ﬁnd that
the solidiﬁcation behavior and the ﬁlm roughness correlate with
the phase diagram, determined in this work. The time and
temperature evolution of the topology have been reproduced by
2D numerical calculations using a phase-ﬁeld model. The
displacement current as a function of bias is measured in
capacitors. The reported polarization and surface roughness17
could be reproduced. In an assessment of the thermal stability we
demonstrate that blending of PVDF with PMMA leads to
smooth ferroelectric thin ﬁlms that outperform the standard
P(VDF−TrFE) ﬁlms at high temperature.
2. PHASE DIAGRAM OF PVDF−PMMA
Polymer blends, due to their long-chain nature, generally phase
separate. Miscibility between polymers can, however, be
promoted by dipole or van der Waals interactions and hydrogen
bonding. Themonomeric unit of PVDF has a large electric dipole
moment, and it is therefore not surprising that PVDF is miscible
with a number of polymers which also exhibit a large dipole
moment, such as poly(methyl methacrylate), poly(vinyl acetate)
and poly(tetramethylene adipate). Blends of PVDF:PMMA have
been the standard system for the study of mixing of polymers
because of its availability and interesting structural and
thermodynamic phenomena occurring in a thermally accessible
temperature range. These blends are miscible and thermody-
namically stable at all compositions due to the dipole/dipole
interaction between the >CF2 groups of PVDF and the >CO
groups of PMMA and to the hydrogen bonding between the
double bonded oxygen of the carbonyl group and the acidic
hydrogen of the−CH2−CF2− group.18,19 A review of PVDF and
its blends has been reported by Jungnickel.20
We constructed the PVDF:PMMA temperature/composition
(phase) diagram from diﬀerential scanning calorimetry (DSC)
ﬁrst-heating thermograms using PVDF with a molecular weight
of 180 kg/mol and PMMA of 91 kg/mol. The binary
nonequilibrium diagram is presented in Figure 2. Similar data
were obtained for melt-extruded blends and ﬁlms cast from
DMF. The diagram in Figure 2 is in good agreement with those
earlier reported.20,21 The melting point of PVDF and a single
glass transition temperature of PVDF:PMMA that both
monotonically change with composition, conﬁrm that PVDF
and PMMA are miscible over the entire composition range both
in the melt and when quenched into a vitreous solid solution.
The thermogram of neat α-PVDF shows a single melting peak
at 166 °C. With increasing PMMA content a second melting
peak at slightly lower temperature is observed. We ascribe the
additional melting peak to the presence of β-PVDF, based on a
combined FTIR, electron diﬀraction and DSC investigation on
highly oriented neat PVDF ﬁlms that has shown that these two
peaks can be ascribed to melting of the α-phase and β-phase of
PVDF.22 We conﬁrmed this identiﬁcation with DSC measure-
ments on neat α-PVDF and on neat β-PVDF prepared by
drawing a PVDF ﬁlm at 70 °C to a draw ratio of 6. The melting
points of both phases are reported to be depressed upon addition
of PMMA.23 In the diagram, we also have included the
recrystallization temperatures of PVDF upon cooling (solid,
blue circles). For blends comprising 40 wt % PMMA or more,
PVDF does not recrystallize and the ﬁlms remain amorphous.
The open circles represent a very weak low-temperature
endothermic peak, which has previously been ascribed to melting
of some small, imperfect PVDF crystallites.24,25 This peak
disappears in the second heating.26
We note that the Curie temperature of neat PVDF has not yet
unambiguously been identiﬁed. However, thermograms of the
Figure 1. Remnant polarization, Pr, of ferroelectric capacitors based on
the random copolymer poly(vinylidene ﬂuoride-triﬂuoroethylene)
(P(VDF−TrFE)) (65−35 mol %) as a function of temperature. The
inset presents the capacitor layout with the chemical structure of
P(VDF−TrFE) and the Sawyer−Tower circuit used for the measure-
ment. The solid line is a guide to the eye.
Figure 2. Binary nonequilibrium temperature/composition diagram of
PVDF:PMMA as obtained for melt-extruded blends. The diagram was
constructed with peak melting transition temperatures of PVDF
recorded during the ﬁrst heating scan in diﬀerential scanning
calorimetry. Black and red circles represent melting of the α-PVDF
and β-PVDF respectively. The blue circles correspond to the exothermic
recrystallization temperature, Tc, of PVDF upon cooling. The glass
transition temperature, Tg, is shown in green. The open circles, Tm*,
represent a very weak low-temperature endothermic peak, which has
previously been ascribed to melting of some small, imperfect PVDF
crystallites,20,21,26 typically disappears in a DSC second heating scan.
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commonly used random copolymer P(VDF−TrFE) show a
ferroelectric-paraelectric transition depending on composition.
The Curie temperature increases with increasing VDF content.
Extrapolation then suggests that the Curie temperature of neat
PVDF is about 172 °C.27 In the DSC measurements of the
PVDF:PMMA blends we could not detect any feature that could
be ascribed to the Curie temperature of PVDF, which suggests
that the Curie temperature of the blends is higher than the
melting temperature.
3. MICROSTRUCTURE AND PHASE IDENTIFICATION
OF THIN BLEND FILMS
Further information on the PVDF:PMMA microstructure
development was obtained from wide-angle X-ray diﬀraction
measurements. As-cast blend ﬁlms were found to be amorphous.
In a ﬁrst set of experiments, these ﬁlms were molten and slowly
cooled down to room temperature. XRD measurements showed
that at blend compositions of up to about 40 wt % of PMMA,
PVDF crystallizes in the α-phase. At higher PMMA content the
ﬁlms remain amorphous. The presence of such a large amount of
PMMA completely suppresses the crystallization of PVDF, in
agreement with the phase diagram. In order to induce the
ferroelectric β-phase, in a second series of trials, the blend ﬁlms
were molten and quenched in ice water. These fully amorphous
ﬁlms were subsequently annealed. For blends comprising 10−30
wt % PMMA, predominantly the β-phase is obtained. The degree
of crystallinity increases with annealing temperature. The
optimum temperature is around 140−150 °C, i.e., slightly
below the melting temperature of PVDF. As a typical example,
XRD diﬀractograms of PVDF:PMMA (70:30) blend ﬁlms are
presented in Figure 3a. The molten and slowly cooled blend ﬁlm
crystallizes in the α-phase characterized by strong peaks at
diﬀraction angles 2θ of 17.6° and of 20°, assigned to the (100)
and (110) reﬂections, respectively.28 The ﬁlm melted, ice
quenched and subsequently annealed at 140 °C, crystallizes in
the β-phase as indicated by a diﬀraction peak at 2θ of 20.7°,
corresponding to the overlapping (110) and (200) reﬂections.28
The phase identiﬁcation was corroborated by FTIR measure-
ments. The corresponding spectra are presented in Figure 3b.
The α-phase of PVDF exhibits a trans−gauche (TGTG′)
conformation which is characterized by characteristic absorption
bands at 764, 795, 855, and 976 cm−1, while the all-trans (TTTT)
conformation of the β-phase of PVDF features characteristic
absorption peaks at 840 and 1279 cm−1.29
The amorphous PMMA apparently hinders the α-crystal-
lization and promotes the β-phase formation. The reason might
be related to the diﬀerence in crystal structures. For steric reasons
the dipole/dipole interactions favor the trans-conformation of
the highly polar β-PVDF polymorph over the trans−gauche
conformation of the nonpolar α-PVDF. We note that the
microstructure of many polymer blend ﬁlms typically depends on
the molecular weight of the components. However, as shown in
Table 1, when we varied the molecular weight of PMMA,
invariably the PVDF β-phase was obtained in blends comprising
10 wt % of PMMA andmore, irrespective of themolecular weight
of the PMMA. The origin is not yet understood.
AFM measurements on thin ﬁlms of neat PVDF showed the
typical spherulites30 with sizes in the order of 10 to 100 μm. The
thin ﬁlms exhibit a surface roughness in the order of 10 nm. The
roughness is reduced upon blending with PMMA. Typical AFM
images of molten, ice quenched and annealed ﬁlms as a function
of composition are presented in Figure 4. The images show that
with increasing PMMA content, the PVDF crystal growth is
suppressed, the spherulite size decreases to nanocrystalline, in
agreement with the report by Kang et al.17 At PMMA content
above 40 wt % blend ﬁlms remain amorphous. The micro-
structure hardly depends on the molecular weight of the PMMA.
The surface roughness is presented in the inset of Figure 5 as a
function of PMMA content. Ferroelectric ﬁlms with an rms
roughness less than 2 nm can be obtained.
4. MORPHOLOGY EVOLUTION FROMTIME-RESOLVED
PHASE-FIELD SIMULATIONS
In the molten and amorphous vitreous state PVDF and PMMA
are fully miscible. Phase separation in the PVDF:PMMA blend
ﬁlms occurs upon annealing. The driving force is the
crystallization of the PVDF. To qualitatively understand the
crystallization behavior and to explain the size and shape of the
crystalline PVDF domains, as well as the redistribution of the
amorphous PMMA, we performed time-resolved numerical
Figure 3. (a) Grazing incidence X-ray diﬀraction scans, and (b)
corresponding FTIR spectra of thin PVDF:PMMA (70:30) ﬁlms
produced by wire bar coating from DMF, followed by melting at 200 °C
for 2 h in vacuum. The slowly cooled blend ﬁlm crystallizes in the α-
phase, while the ice-quenched and annealed blend ﬁlm forms the β-
phase of PVDF.
Table 1. Percentage of PVDF β-Phase in PVDF:PMMA
Blends As Calculated from FTIR Spectraa
Mw of PMMA, kg/mol 90:10 80:20 70:30
2 21 100 92
50 70 100 98
91 40 100 92
aThe PVDF:PMMA compositions investigated were 90:10; 80:20 and
70:30. The blends were wire-bar coated from DMF, melted at 200 °C
in vacuum, ice quenched and subsequently annealed for 2 h at 150 °C.
The molecular weight, Mw, of PMMA was varied from 2 kg/mol, 50
kg/mol to 91 kg/mol.
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simulations. The approach is based on the thermodynamically
consistent phase-ﬁeld model proposed by Boettinger et al.31
4.1. Methodology. A phase-ﬁeld model is a mathematical
model for solving interfacial problems. It has mainly been applied
to solidiﬁcation dynamics,31 but it has also been applied to other
phenomena such as viscous ﬁngering,32 fracture dynamics,33 and
vesicle dynamics.34 The microstructure in a phase-ﬁeld model is
described by a set of order parameters, each of which is related to
a speciﬁc phase or crystallographic orientation. The continuously
varying order parameter, η, interpolates between the diﬀerent
phases deﬁned by thermodynamic equilibrium. For a crystallizing
material η is a nonconserved quantity interpolating between the
amorphous and crystalline phases, respectively denoted as η = 0
and η = 1. The interfacial region between an amorphous and
crystalline domain has a ﬁnite dimension represented by 0 < η <
1. As a result, an interface has a diﬀuse and continuous nature.
The advantage of this approach compared to sharp interface
models is that it does not require deﬁnition of interfacial
boundary conditions and keeping track of the spatial coordinates
of the interfaces during structure evolution.
Morphology evolution upon crystallization and/or amor-
phous−amorphous demixing is a consequence of the mini-
mization of the total free energy of the system. A suitable free
energy functional for a (stable or instable) polymer blend from
which one or more components may crystallize has been
formulated by Boettinger et al.31 Here we extend this single-
phase-ﬁeld free energy functional by deﬁning multiple phase-
ﬁelds in order to allow for development of crystal grain
Figure 4. Solidiﬁcation behavior of PVDF:PMMA blend thin ﬁlms of compositions from left to right of 98:2, 90:10, and 70:30 (w/w): (a) AFM height
proﬁles (40 μm × 40 μm); (b) PVDF crystallization (phase-ﬁeld simulation on arbitrary length scale); (c) PMMA redistribution upon crystallization
(phase-ﬁeld simulation on arbitrary length scale). The displayed simulation results refer to PMMA with a molecular weight, Mw, of 91 kg/mol, but
comparable images were obtained from 50 kg/mol and 2 kg/mol.
Figure 5. Ferroelectric phase diagram of PVDF:PMMA. Blend ﬁlms
were wire-bar coated from DMF, then molten at 200 °C in vacuum, ice
quenched and subsequently annealed for 2 h at 150 °C. The black
symbols present the remnant polarization, Pr, as a function of
composition (left axis). The red symbols present the degree of
crystallinity as derived from the DSC ﬁrst heating scan. The insets show
a ferroelectric displacement loop for a PVDF:PMMA 90:10 capacitor,
and the rms roughness derived from AFM measurements as a function
of composition. The solid lines are a guide to the eye.
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boundaries, as suggested earlier by Chen for a single material
undergoing an order−disorder transition.35 The physical
explanation for the formation of the grain boundaries is the
orientation mismatch of the chain segments located at the
interface between two crystalline grains. The total free energy
functional (integrated over the volume) for an m-component
blend for which the crystalline state is described by n phase-ﬁelds
is thus written as:
∫ ∑ ∑ ∑ ∑
∑
∑ ∑ ∑
φ η η η η
φ φ φ η φ φ φ
η α η κ φ
= − +
+ +
− + ∇ + ∇

























































with φi representing the volume fractions of the blend
components. The total free energy is minimized assuming
incompressibility:










The six terms in the integrand of eq 1 respectively describe: (i)
the energy barrier between the crystalline and amorphous states,
(ii) the energy barrier between crystalline states, (iii) the free
energy of the crystalline state, (iv) the free energy of the
amorphous state, (v) the free energy associated with the
formation of spatial gradients in the phase ﬁeld parameter η,
and (vi) the free energy associated with spatial gradients in the
volume fraction, φ. The functions fc(φ1,φ2,...,φm) and
fa(φ1,φ2,...,φm) represent the free energy contributions associated
with the homogeneous crystalline and amorphous states, usually
expressed in terms of the Flory−Hugginsmixing free energy. The
free energy contribution of the crystalline state ( fc) also contains
the free energies of the neat crystalline components, expressed as
functions of the latent heat of fusion (L) and the reduced
temperature according to






where Tm is the melting temperature. The free energy of the pure
amorphous components is set to zero, hence: fc
0 < fa
0 for T < Tm,
i.e. the crystalline state is energetically favored at temperatures
below Tm. The prefactors w and ν respectively denote the height
of the energy barriers for crystallization and grain merging. As
grain merging is “unphysical”, ν should be chosen suﬃciently
high. The parameters α and κ are the gradient energy coeﬃcients,
respectively associated with the crystalline fraction and volume
fraction (α is not to be confused with the crystalline α-phase of
PVDF). w and α are related to the free energy penalty due to the
formation of amorphous−crystalline interfaces, and for that, have
been related to their spatial dimensions, surface free energy, and
degree of under-cooling.36 The functions p(η) interpolate
between the amorphous and crystalline states, thus excluding
coexistence of the pure phases at the same spatial coordinate.
Crystallization and concomitant material redistribution is
induced by introducing nuclei, i.e., areas within the computa-
tional domain for which η ∼ 1. The subsequent structure
evolution with time follows from minimization of the total free
energy by allowing mobility to the blend components. The
development of phase- and concentration ﬁelds is modeled by
simultaneously solving the Cahn−Hilliard and Allen−Cahn
equations given in eqs 4,5 for the independent phase- and



























































































































































Here,Mφ andMη respectively denote the diﬀusive mobility of the
(amorphous) blend components and the crystalline interface
mobility, whereby the latter may be considered as a function of
the interfacial tension (through α), the local volume fraction of
crystallizing material, and Mφ.
37 This method assumes chain
segments to join a growing crystal via “diﬀusive jumps” from the
amorphous phase. ζφ represents small thermally induced density
ﬂuctuations which, in case of an immiscible blend, induce
amorphous demixing. Their presence is taken into account by the
model, but of no consequence to the morphology evolution of
the PVDF:PMMA blends processed under the conditions
described in this paper.
We follow a semiquantitative approach to deﬁning the input
for the model, by assigning established, estimated, or arbitrary
(but consistent) values to molecular and physical parameters.
Table 2 lists the input parameters relating to the bulk properties
of the materials involved. The eﬀective degrees of polymerization
(N) of PVDF and PMMA were calculated based on the
molecular weight data listed in Table 1, taking four repeat units as
the approximate persistence length of a ﬂexible polymer chain,
and considering the monomeric segments of the two polymers to
be of comparable size. The latent heat of fusion of crystalline
PVDF was taken from the literature.38 In this modeling study we
are not concerned with deﬁning diﬀerent crystalline phases for
PVDF. We consider only one crystalline phase with thermody-
namic characteristics coarsely representative of the β-phase. The
Table 2. Physical Parameters of Material Bulk Properties
Used as Input for the Phase-Field Simulations
NPVDF NPMMA Tm (K) T (K) L (J/cm
3) χ
700 227; 125; 5 453 413 199 −0.295
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processing temperature (T = 413K) is the annealing temperature
of the ice quenched amorphous layers. The lower critical solution
temperature (LCST) bahavior of the PVDF:PMMA blend is
characterized by a negative Flory−Huggins interaction param-
eter. In our simulations we adopt a value of χ of −0.295, as
determined for 160 °C by Nishi and Wang.21
The assignment of w, α, and κ is less straightforward, as
(experimental) physical data on gradient energy coeﬃcients are
scarce and often lacking. Furthermore, the usual deﬁnitions for κ
based on the random phase approximation39−41 cannot be used,
as they assume the components being at least partially
immiscible. Hence, although inspired on physical data applied
previously in phase-ﬁeld simulations of blends of organic
materials,42 their attribution is essentially arbitrary. Nevertheless,
the parameters were treated in a fully consistent manner, thus
allowing internal comparison between simulations performed for
diﬀerent PVDF:PMMA ratios. The spatial characteristics of α
and κ, together with all simulation length and time scales, were
made dimensionless by deﬁning a characteristic length, λ, and a
time, τ. Table 3 lists the dimensionless and arbitrary input
parameters.
4.2. Simulation of Crystallization.Row a in Figure 4 shows
the experimentally observed morphology of PVDF:PMMA
blend ﬁlms with composition ratios of 98:2, 90:10, and 70:30.
Rows b and c present the corresponding morphology as obtained
from the 2D numerical phase-ﬁeld simulations. PMMAs of all
three molecular weights yielded very comparable morphologies,
in agreement with experimental observations. For this reason,
only the results obtained for a molecular weight of 91 kg/mol,
corresponding to NPMMA of 227, are shown. In Figure 4, rows b
and c, respectively, show the regions of crystalline PVDF and
amorphous PMMA as a function of spatial coordinates. All
simulations started from a homogeneous amorphous situation,
running for the same number of cycles (n ≈ 30.000) and using
the same arbitrary nucleation attempt probability for each time
step. The results, although representing a simpliﬁed version of
physical reality, quantitatively reproduce the crystallization
behavior of PVDF as a function of PMMA content: the largest
crystalline fraction is observed for the 98:2 PVDF:PMMA blend
and virtually no crystallization is observed for mixture of a
PMMA content of ∼30 wt %.
As the nucleation probability per time step is equal for all
simulations, the decrease in crystallinity with PMMA content in
the simulated blends is a result of a decrease in the growth rate of
the crystals.43 Consequently, it takes longer, and eventually too
long, for the growing crystals to become suﬃciently large to
prevent the nucleus form “re-dissolving” into the amorphous
blend. In other words, at a high PMMA fraction the free energy
gain per time step as a result of crystal growth becomes too small
to overcompensate for the penalty associated with the formation
of interface regions around the nucleus. In blends of an
intermediate PMMA fraction (i.e., the 90:10 blend) nucleation
is still successful but the growth is retarded due to a decrease in
interface mobility and ﬂux of amorphous PVDF material toward
the crystalline interface. Crystal growth is also thermodynami-
cally retarded due to the formation of pronounced gradients in
the amorphous PMMA regions surrounding the spherulites.
These eﬀects explain the decrease in growth rate at
PVDF:PMMA ratio’s for which the crystallization temperature
of the β-phase is still considerably higher than the glass transition
temperature (see phase diagram in Figure 2). Naturally, for a
blend with a very high PMMA fraction (e.g., 40 wt %)
crystallization will be further hindered by kinetic eﬀects
associated with the increase of the glass transition temperature
of the blend, which is not considered by the simulations as
polymer chain mobility is kept constant.
We further note that the tightly connected spherulitic grain
morphology of the crystalline regions observed for the 98:2
blend (row a, left) is reproduced by the corresponding simulation
(row b, left). The morphology is characterized by relatively sharp
angles between the grain boundaries, despite the formation of
PMMA enriched regions between the grains due to expulsion
and accumulation in the boundary regions (row c). The
simulation of the behavior of the 90:10 blend shows that a
higher PMMA content may cause the grain boundary angles to
become more “rounded”, if more material is expelled and
accumulated during spherulite growth (cf. row c, middle).
5. FERROELECTRICITY OF PVDF:PMMA BLEND FILMS
The displacement current of PVDF:PMMA blend ﬁlms as a
function of bias voltage was measured in capacitors. A typical
hysteresis loop for a thin ﬁlm capacitor of a PVDF:PMMA
(90:10) blend is shown in the inset of Figure 5. Contrary to the
P(VDF−TrFE) copolymer which always displayed a square loop,
for the blend ﬁlms always slim hysteresis loops were recorded,
irrespective of the experimental conditions such as applied
voltage and number of cycles. As leakage currents could be ruled
out, we attribute this response to their nanocrystalline micro-
structure. The coercive ﬁeld is about 110 MV/m, comparable to
that reported for PVDF,44 and higher than that reported for the
ferroelectric P(VDF−TrFE). The remnant polarization is
presented as a function of PMMA content in Figure 5. The
polarization decreases with PMMA content from 5.4 μC/cm2 at
10 wt % PMMA to a negligible polarization at 40 wt % PMMA.
The polarization depends on the annealing temperature after
ice quenching. We investigated blend ﬁlms after ice quenching
annealed at a low temperature of only 120 °C. According to XRD
measurements the PVDF still crystallized in the ferroelectric β-
phase, but the degree of crystallinity of the ﬁlms was low. Pristine
capacitors were not ferroelectric. A propeller-like slim para-
electric loop was observed. A remnant polarization up to 5 μC/
cm2 for PVDF:PMMA 90:10 could, however, be induced at
elevated temperature, around 100 °C, by repeated cycling at
voltages far above the coercive ﬁeld. The polarization is not
permanent but disappears upon cooling down to room
temperature. The origin therefore is diﬀerent than for the
recently reported electric-ﬁeld induced polarization of ultrathin
ﬁlms of P(VDF−TrFE).45 XRD measurements have demon-
strated that for those ﬁlms the changes are permanent and due to
electric-ﬁeld induced crystallization.
The dependence of the remnant polarization on PMMA
content in the blend ﬁlms is plotted in Figure 5 together with the
degree of the crystallinity as calculated from the enthalpy of
fusion deduced from thermal analysis; see Experimental Section.
Neat PVDF is a semicrystalline polymer for which we calculated a
degree of crystallinity of 45%. The crystallinity monotonically
decreases with increasing PMMA content. At 40 wt % PMMA
and above content, the crystallinity is negligible; i.e., these blend
Table 3. Physical Parameters of Interfacial Properties and
Material Motion, Used as Input for the Phase-Field
Simulations
w (J/cm3) α/λ2 (J/cm3) κ/λ2 (J/cm3) Dτ/λ2
40 50 20 1600
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ﬁlms are essentially amorphous. The crystallization is kinetically
hampered as the crystallization temperature approaches the glass
transition temperature, as can be seen in the phase diagram
(Figure 2). Comparable values for the crystallinity as a function
of PMMA content have been reported previously.38,46,47 The
remnant polarization is due to a permanent induced surface
charge density. Not surprisingly, therefore, Figure 5 shows that
the remnant polarization of the PVDF:PMMA unambiguously
scales with the crystallinity. A similar relation has been reported
for blend ﬁlms of P(VDF−TrFE) with PMMA48 albeit that the
change in entropy was plotted rather than degree of crystallinity.
Considering the apparently high transition temperatures
observed in our thermal analysis, we set out to investigate the
thermal stability of blend-capacitors. The remnant polarization
and coercive ﬁeld are presented as a function of temperature in
Figure 6 for three PVDF:PMMA blend ratios of 90:10, 80:20,
and 70:30. Interestingly, for all blends the polarization is constant
up to 120 °C. As a matter of fact, it very slightly increases. The
coercive ﬁeld decreases with temperature. The activation energy
is in the order of 10meV. For comparison data of the polarization
as a function of temperature for the copolymer P(VDF−TrFE)
as taken from Figure 1 are included as well. The polarization of
PVDF:PMMA is much more stable than that of P(VDF−TrFE).
The thermal stability is directly related to the Curie temperature.
The ferroelectric to paraelectric phase transition of P(VDF−
TrFE) occurs around 100 °C. The phase diagram of Figure 2
indicates that this transition temperature in PVDF:PMMA
blends is much higher, even above the melting temperature of β-
PVDF. As a consequence, above about 80 °C PVDF:PMMA
blends outperform the copolymer P(VDF−TrFE).
6. SUMMARY AND CONCLUSION
Here we have investigated the ferroelectric phase diagram of
PVDF:PMMA. To this end, we ﬁrst determined the binary
nonequilibrium temperature/composition diagram by DSC
measurements. The melting point and glass transition temper-
ature monotonically change with composition, which reconﬁrms
that the two polymers are fully miscible in the melt over the
whole composition range. In PVDF:PMMA blends ﬁlms, made
from solution or melt, PVDF crystallizes in the paraelectric α-
phase. However, when the blend ﬁlms were molten, ice
quenched, and subsequently annealed close to its melting
temperature, PVDF crystallizes in the ferroelectric β-phase.
PMMA promotes formation of the β-phase over the α-phase for
steric reasons; the dipole/dipole interactions favor the trans−
trans conformation of the highly polar β-PVDF over the trans−
gauche conformation of the nonpolar α-PVDF.
The presence of PMMA suppresses the crystallization of
PVDF and, hence, the roughness of blend ﬁlms notably decreases
with increasing PMMA content. Above 40 wt %PMMA, the ﬁlms
are amorphous. The crystallization is then kinetically hampered
as evidenced in the phase diagram by the crystallization
temperature being close to the glass transition temperature.
Phase-ﬁeld simulations of the crystallization of PVDF from the
miscible vitreous blends show that crystal growth at high PMMA
fractions is retarded thermodynamically due the formation of
gradients in the amorphous polymer regions with associated free
energy penalty. The simulations further show that the PMMA
content may also inﬂuence the shape of the PVDF spherulites
due to expulsion and accumulation of PMMA toward the crystal
grain boundaries.
The remnant polarization decreases with increasing PMMA
content from 5.5 μF/cm2 at 10 wt % to negligible values at 40 wt
%. We have shown that the polarization unambiguously scales
with the degree of crystallinity of the PVDF. The thermal stability
of the polarization is directly related to the Curie temperature,
which for the PVDF:PMMA blends is higher than the melting
temperature of β-PVDF. Hence above 100 °C, the
PVDF:PMMA blends outperform the standard copolymer
P(VDF−TrFE), which renders these blends ideal candidates
for applications that require high operating temperatures.
■ EXPERIMENTAL SECTION
Materials and Film Preparation. The random copolymer of
P(VDF−TrFE) (65−35mol %) was purchased from Solvay. PVDF (Mw
180 kg/mol) and PMMA (Mw 2, 50, and 91 kg/mol), were purchased
from Sigma-Aldrich. All materials were used as received. The solubility
of PVDF in a number of solvents as well as the Hansen solubility
parameters extracted have been reported.49 PVDF has a limited
solubility in common organic solvents as alcohols, chlorinated solvents
and acids. Good solvents are, e.g., N,N-dimethylformamide (DMF),
dimethyl sulfoxide and N-methyl-2-pyrrolidone. We prepared blend
solutions by codissolving PVDF and PMMA in DMF, typically 10% by
weight total solids. Thin ﬁlms were prepared by wire-bar (Meyer rod)
coating with a K202 control coater (RK Print) at 50 °C. Meyer rod-
coating is well-established technique used in the coating industry to
make liquid thin ﬁlms in a continuous and controlled manner.50 After
coating the ﬁlms were molten at 200 °C for 2 h in a vacuum oven,
followed by quenching in ice water to achieve an amorphous state. A
subsequent annealing step of 140−150 °C close to the melting
temperature of PVDF was then applied to achieve the ferroelectric β-
phase.
Thin Film Characterization. Diﬀerential scanning calorimetry
(DSC) was conducted under N2 atmosphere, on as-cast ﬁlms, at a scan
rate of 10 °C/min, with a Mettler Toledo DSC 822e instrument. The
degree of crystallinity was calculated using ΔHfusion for neat PVDF of
Figure 6. Temperature budget. Remnant polarization, Pr (a), and the
corresponding coercive ﬁeld, Ec (b), as a function of temperature. In blue
are the measurements for PVDF:PMMA blends with compositions of
90:10 (●), 80:20 (▲), and 70:30 (⧫) wt %. The ﬁlms were wirebar
coated from DMF, melted at 200 °C in vacuum, ice quenched, and
subsequently annealed for 2 h at 150 °C. The red dots represent
measurements on the copolymer P(VDF−TrFE). The solid lines are a
guide to the eye.
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102.5 J/g.51 The glass transition temperature was determined employing
Mettler-Toledo Stare software version 9.1. The nonequilibrium
composition/temperature phase diagram was established with those
thermal analysis data: melting and crystallizing transitions were deduced
from the peak maxima of the corresponding endo- and exotherm in the
respective thermograms. Glass transition temperatures were taken to be
the inﬂection points. The ﬁlm thickness was measured with a Dektak
proﬁlometer. The surface morphology of the ﬁlms was characterized by
atomic force microscopy (AFM) (Nanoscope Dimension 3100 Bruker).
To ascertain the crystal phases of the ﬁlms, both grazing incidence X-ray
diﬀraction (XRD) and Fourier-transform infrared spectroscopy (FTIR)
were used. XRD scans were obtained with a Philips X’pert MPD
diﬀractometer, using the line focus of a Cu-anode X-ray tube. For the
grazing incidence setup we used a divergence slit of 0.03° and a parallel
plate collimator in front of the detector. The incidence angle was ﬁxed
during the measurement at an angle of 0.23° just above the critical angle
of total diﬀraction. Infrared spectra of crystallized PVDF:PMMA blends
were recorded using a Bruker Vertex spectrometer attached to a
Hyperion FT-IR microscope. The scans were performed with a
resolution of 4 cm−1. For a sample containing both α- and β-polymorph
PVDF, the relative fraction of α-phase, F(α), was calculated by a method
proposed by Gregorio and Cestari.52 On the basis of Lambert−Beer,
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(6)
for a sample with average total monomer concentration C of 0.0305
mol/cm3. X is the degree of crystallinity of the α- or β-phase. Aα and Aβ
refer to the absorbencies at 763 and 840 cm−1, respectively, associated
with the α- and β-phases. K represents the absorbances at the
corresponding wavenumber; Kα is 6.1 × 104 cm
2 mol−1 and Kβ is 7.7
× 104 cm2 mol−1.
Device Fabrication and Characterization. Capacitors were
fabricated on thermally oxidized silicon monitor wafers on which 50
nm thick Au bottom electrodes on a 2 nm Ti adhesion layer were
photolithographically deﬁned. The blend ﬁlms were applied and
annealed. Au was evaporated through a shadow mask and used as top
electrode. The device area varied from 0.059 to 1.38 mm2. Electric
displacement loops versus electric ﬁeld for the capacitors were measured
using a Sawyer−Tower circuit, consisting of a Tektronix AFG3102
function generator, a TektronixTDS3032B oscilloscope and a Krohn-
Hite 7600 wide band ampliﬁer. The capacitors were measured with a
continuous triangular wave signal, to reduce the time at maximum bias,
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